How the information content of an unfolded polypeptide sequence directs a protein towards a well-formed three-dimensional structure during protein folding remains one of the fundamental questions in structural biology. Unfolded proteins have recently attracted further interest due to their surprising prevalence in the cellular milieu, where they fulfill not only central regulatory functions, but also are implicated in diseases involving protein aggregation. The understanding of both the protein folding transition and these often natively unfolded proteins hinges on a more detailed experimental characterization of the conformations and conformational transitions in the unfolded state. This description is intrinsically very difficult due to the very large size of the conformational space. In principle, solution NMR can monitor unfolded polypeptide conformations and their transitions at atomic resolution. However, traditional NMR parameters such as chemical shifts, J couplings, and nuclear Overhauser enhancements yield only rather limited and often qualitative descriptions. This situation has changed in recent years by the introduction of residual dipolar couplings and paramagnetic relaxation enhancements, which yield a high number of well-defined, quantitative parameters reporting on the averages of local conformations and long-range interactions even under strongly denaturing conditions. This information has been used to obtain plausible all-atom models of the unfolded state at increasing accuracy. Currently, the best working model is the coil model, which derives amino acid specific local conformations from the distribution of amino acid torsion angles in the nonsecondary structure conformations of the protein data bank. Deviations from the predictions of such models can often be interpreted as increased order resulting from long-range contacts within the unfolded ensemble.
INTRODUCTION
One of the most fundamental and enigmatic biological processes is the transition from the structural ensemble of an unfolded polypeptide chain to a folded protein structure. Despite the detailed knowledge on the dynamical behavior, thermodynamics, and structure of thousands of proteins, we are still lacking both a comprehensive theory and accurate practical tools that could predict the folding of a particular amino acid sequence into a particular three-dimensional structure. 1 An essential ingredient to such a theory would be the detailed quantitative description of the unfolded state ensemble. The latter remains a largely unresolved task since the immense number of degrees of freedom leads to enormous experimental as well as theoretical problems when structural probability distributions are to be determined from a finite number of measurable parameters.
Besides the fundamental importance of this "other half of the folding reaction" 2 for the protein folding problem, recent interest in unfolded states has been sparked by the biomedical relevance of natively unfolded proteins, i.e., proteins which are predominantly unfolded in the cellular milieu in the absence of a suitable interaction partner. In particular, the key role that natively unfolded proteins play in cancerrelated signalling and neurodegenerative diseases like Alzheimer's and Parkinson's has prompted a large number of biophysical studies on the characterization of the respective unfolded states.
A wealth of highly relevant experimental information on the unfolded state has been provided in recent years by NMR spectroscopy. This technique is particularly suited for a detailed description, because single atomic nuclei can be resolved in the spectra of partially folded or unfolded proteins and a number of NMR observables can be used to obtain structural and dynamical information. For example, while early views considered the unfolded polypeptide chain as featureless, 3 NMR spectroscopic studies have now accumulated overwhelming evidence that, whenever studied at high enough detail, unfolded proteins have residual structure, even under strongly denaturing conditions. 2, 4, 5 These findings agree with the conclusion that a certain bias towards the native state must exist within the unfolded ensemble 6 in order to overcome Levinthal's paradox, which states that a non-directed search of the entire conformational states acces-These recent developments have made it possible to describe the angular and distance fluctuations of the unfolded state at unprecedented detail. The ultimate goal of such characterizations would be the calculation of complete conformational distributions of the unfolded or partially folded polypeptide chain from the experimental data. Due to the huge number of degrees of freedom, this mathematical problem is largely underdetermined, and a complete experimental determination of these distributions may remain elusive. Nevertheless, models of the unfolded state can easily be tested against the new experimental data. In particular, the use of coil libraries 15, 16, 20 derived from the protein data bank ͑PDB͒ in conjunction with steric exclusion to simulate experimental RDC data yields spectacular agreement. 21, 22 In the following, we will review these recent approaches that combine experimental NMR data with explicit model building in silico to achieve a meaningful characterization of unfolded proteins at atomic resolution.
STATISTICAL INTERPRETATION OF 3 J HNH ␣ SCALAR COUPLINGS AND CHEMICAL SHIFTS IN THE UNFOLDED STATE
In the past, three-bond scalar couplings and chemical shifts have been used to detect amino acid specific conformational biases in unfolded proteins. A number of three-bond scalar couplings give information on the backbone and angles by various Karplus relations. However, only the homonuclear 3 J HNH ␣ coupling, reporting on , has found more widespread application for the characterization of unfolded states. Significantly different 3 J HNH ␣ values are detected for different amino acid types both in model peptides and denatured proteins. 16, 23, 24 While alanine and glycine give the smallest 3 J HNH ␣ coupling constants around 5.8 Hz, maximal 3 J HNH ␣ values around 7.3 Hz are observed for the ␤-branched amino acids valine, isoleucine, and threonine. According to the Karplus relation, the higher 3 J HNH ␣ values for the ␤-branched amino acids imply more extended conformations. Presumably, these conformational preferences are caused by steric clashes of the branched sidechains with the backbone and neighboring sidechains, which exclude less extended conformations. Notably, such preferences are also observed in the folded state, where ␤-branched amino acids have a high occurrence in extended ␤-sheets, while alanine is among the amino acids with the highest propensity for ␣-helices. 25 Conversely, glycine can adopt a wealth of conformations in folded and unfolded states due to steric freedom from the absence of a sidechain, and as a consequence, the averaging over the space leads to small 3 J HNH ␣ values. In order to explain this behavior of 3 J HNH ␣ couplings of unfolded polypeptides in a more quantitative way, Serrano and Schwalbe, Dobson and co-workers assumed that the conformations sampled by the unfolded amino acids would correspond to the distribution of conformations found for the respective amino acids in folded proteins ͑Fig. 1͒ in the FIG. 1. ͑Color͒ Backbone conformations in proteins. Top: Due to the planarity of the peptide bond, only two angles ⌽ and ⌿ determine the backbone conformation of amino acids in proteins. Atoms are shown in CPK colors with hydrogen in white, nitrogen in blue, carbon in gray, and oxygen in red. Bottom: Ramachandran plot of ⌽ and ⌿, where each point represents one amino acid conformation. 15 000 conformations are shown. The data points were randomly drawn from the protein coil library ͑Ref. 20͒ and correspond to nonglycine residues in the coil regions of protein crystal structures. The highest populated amino acid conformational basins are labeled as ␤-extended ͑␤͒, polyproline II ͑PPII͒, right-handed ␣-helix ͑␣͒, and lefthanded ␣-helix ͑L␣͒.
PDB. Indeed, averaging the Karplus relation over these distributions gave quite good agreement with the experimental 3 J HNH ␣ values. 11, 15, 16, 23 In particular, a coil distribution derived from only nonsecondary structure conformations reproduced well the residue-specific NMR data. 16 Good agreement was also found for predicted NOE values. This success of the coil model may indicate that conformational propensities in the unfolded state largely depend on the local chain chemistry. 11 Although the compatibility to the experimental data presents no proof for such a coil model, because the number of degrees of freedom by far exceeds the number of experimentally determined parameters, the coil model constitutes a very plausible quantitative concept for the unfolded state that can be checked against other observables. In addition, averaging over the coil distributions of analytical expressions for parameters can be used to produce theoretical baseline values. Deviations of experimental data from these predictions may then indicate additional order in the unfolded state. 23 A recently proposed method goes beyond this basic application of the coil model and derives residuespecific , distributions from sparse J-coupling data ͑ 3 J HNH␣ and 3 J H␣N ͒ by a maximum entropy formalism that minimizes the amount of additional information in the target distributions relative to a coil distribution prior. [27] [28] [29] [30] To achieve reliable quantification of secondary structure propensities from such conformation-dependent chemical shifts, various programs have been developed in recent years. 8, 31 Examples that have used chemical shifts to derive secondary structure propensities in unfolded states include proteins related to misfolding diseases; e.g., high ␤-sheet propensity is found for the natively unfolded Tau protein involved in Alzheimer's disease in regions that contribute to misfolding and aggregation. 32 In contrast, residual helical propensity detected in ␥-synuclein seems to protect the protein from aggregation, whereas the involvement of the highly homologous ␣-synuclein in Parkinson's disease has been rationalized by a lower helical propensity.
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RESIDUAL DIPOLAR COUPLINGS
As compared to three-bond J-couplings, chemical shifts, and NOEs, RDCs may provide a far more extensive and quantitative description of local and, possibly, global order in the unfolded state. RDCs in solutions result from the average over the dipolar interaction between two nuclei i and j,
where is the instantaneous angle of the internuclear vector with respect to the magnetic field, and the internuclear distance r is assumed fixed. The average within the angular parentheses corresponds to an ensemble average over the sample and a time average up to the millisecond range. For a solute that tumbles in an isotropic solution, the average in Eqs. ͑1a͒ and ͑1b͒ vanishes. However, the addition of suitable anisotropic alignment media to a solution 33 or even the intrinsic anisotropic susceptibility of certain solutes 34 can lead to weak anisotropic orientation of solutes and, hence, to observable RDCs. Geometric information can then be extracted from the measured RDCs as an angular orientation of the internuclear vector relative to the external magnetic field.
A number of different alignment media have been developed in the past ten years, reviewed recently by Prestegard et al. 35 The most common ones are lipid bicelles, 33 filamentous bacteriophages, 36, 37 liquid crystalline ethylene glycol/alcohol phases, 38 and strained polyacrylamide gels. 39, 40 The alignment mechanisms depend on the interaction with these media: whereas uncharged substances such as uncharged lipids or polyacrylamide orient the solutes mostly by steric exclusion, charged substances exert electric forces onto the charge distribution of the solute in addition to steric exclusion. For work with unfolded proteins under harsh denaturing conditions such as low pH, high temperature, or high urea concentrations, inert polyacrylamide gels have proven particularly useful.
In their pioneering work, Shortle and Ackerman applied strained polyacrylamide gels to the ⌬131⌬ mutant of staphylococcal nuclease under strongly denaturing conditions in 8M urea.
18 Surprisingly, the denatured protein showed well observable RDCs, which correlated to values measured under nondenaturing conditions, where the protein is in an only partially unfolded form. The latter had been shown to have some resemblance to the native state topology by paramagnetic relaxation using 14 extrinsic spin labels. 17 This led the authors to conclude that the overall spatial positioning and orientation of different chain segments in 8M urea should also be similar to that in the folded state. As described below, this interpretation may have to be revised to some extent following more recent work on the interpretation of RDCs from unfolded proteins, which are based either on random flight polymer chain models or on amino-acid-specific conformational propensities.
The nature of the RDC average
For the discussion of RDCs from unfolded polypeptide chains, it is instructive to consider the nature of the averaging of Eq. ͑1a͒ in more detail. Writing the average of Eq. ͑1a͒ over N molecules in explicit form yields
where t max is the maximal time, during which experimental averaging occurs, i.e., on the order of tens to hundreds of milliseconds. Certain limits may be derived for the time scale of this averaging process:
͑1͒ Usually, the alignment experiments are carried out such that no appreciable line broadening is observed for the multiplets, e.g., the 1 H-15 N doublet, through which the dipolar couplings are observed. If different molecules experience different averages over P 2 ͑cos ͑t͒͒ during t max , then the multiplet lines should be smeared out according to the different resulting RDCs. Since this is not the case, all molecules apparently have a similar average of P 2 ͑cos ͑t͒͒. This seems only possible if the single molecules sample very similar parts of the conformational space during t max . This, in fact, means that every single molecule should sample most of the accessible conformational space during t max , because, otherwise, the sampled parts of the conformational space and the respective averages would be different. Thus, the molecular average in Eq. ͑2͒ can be omitted:
͑2͒ Since no appreciable line broadening and no additional lines are observed from the alignment, the solute molecules are in fast exchange between a state that interacts with the orienting medium and a free form. If one assumes a model of two-site exchange between bound and free forms, a limit on the exchange times may be derived based on the time scale of translational diffusion. Typical free path lengths of various alignment media are on the order of 100 nm. For example, steric alignment by uncharged bicelles such as dimyristoylphosphatidylcholine ͑DMPC͒/dihexanoylphosphatidylcholine ͑DHPC͒ is usually carried out at concentrations of about 5% ͑w / v͒Ϸ5% ͑v/v͒. The bicelle thickness is about 5 nm. Assuming that the bicelles are perfectly planar parallel sheets, the mean distance between bicelles should be 95 nm. A similar order of magnitude is also found for the distance between the lamellar layers of L ␣ phases in ethylene glycol/alcohol/water mixtures 41 or for the mean distance between bacteriophages at typical concentrations of 30 mg/ ml. 42 At room temperature, a protein of 10 kDa diffuses in aqueous solution across 100 nm within about 5 s ͑see, e.g., Ref. 43͒. Thus, the lifetime of the free molecule until it hits the alignment medium should be on the microsecond time scale for two-site exchange. The situation is probably more complicated for polyacrylamide gels where the solute protein may rather be in almost continuous contact with the polyacrylamide mesh, and diffusion may be more hindered. In fact, a certain increase in rotational correlation times is already noticeable for folded ubiquitin at polyacrylamide concentrations of 4%-7% ͑w/v͒.
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͑3͒
The residual alignment itself is weak with order parameters S = ͗P 2 ͑cos ͒͘ in the range of 10 −4 -10 −3 . Assuming two-site exchange, the lifetime of the aligned state ͑contact time͒ should be 10 3 -10 4 times smaller than the lifetime of the free state. This would correspond to contact times on the order of 0.5-5 ns. This time scale is similar to typical protein rotational correlation times and larger than fast backbone motions in flexible parts of a protein, indicating that averaging over a certain fraction of the orientational and conformational distribution may already occur during a single contact event.
Global and local molecular order from RDCs
For rigid molecules, the average in Eq. ͑3͒ is usually expressed as an average over the orientation of the entire molecule, which is described by the alignment tensor or Saupe order matrix:
where A zz is the zz component of the alignment tensor in the tensor frame, is the rhombicity defined as = ͑A xx − A yy ͒ / A zz , and ͕ , ͖ are the respective polar coordinates of the internuclear vector. In case the molecule is only approximately rigid, such as a folded protein, the same formalism is usually still applied with the modification that local order of the dipolar vector is described by a local order parameter. [44] [45] [46] The validity of this approach hinges on the assumption that the global alignment is not strongly coupled to local fluctuations, such that a common global alignment tensor can be used for all the different local conformations. This assumption seems reasonable for folded proteins, but variations in order parameters from different alignment media and different internuclear vectors have been interpreted recently as evidence for a more complicated behavior. 47 In contrast to the folded state, it is obvious for unfolded proteins that the global shape and the corresponding alignment will depend strongly on local conformations, e.g., when a turn residue changes its backbone angles. Thus, it clearly has no sense to assume a common alignment tensor for all the different conformations of an unfolded peptide chain. Therefore, the full average of Eq. ͑3͒ has to be calculated. The alignment experiments on unfolded polypeptides are usually also carried out such that no significant line broadening occurs. From the arguments given above, it follows that also a single unfolded molecule should sample close to all of its accessible conformations together with the respective possible orientations within the time t max .
A viable approximation for an unfolded protein ͑see below͒ may be to assume that each individual conformation orients according to a specific alignment tensor, such that the total average of Eq. ͑3͒ can be written as
where the sum over k extends now over all M molecular conformations and the corresponding alignment tensors that the molecule samples during the time t max .
Perturbation of unfolded protein conformations by interactions with the alignment medium
Before addressing the different approaches to the interpretation of RDCs in unfolded proteins, it should be emphasized that these rely on the assumption that local conformational properties of the unfolded polypeptide are not significantly perturbed by the interaction with the alignment medium, and that, therefore, the RDCs report on the behavior of the chain in more physiological environments. This assumption is clearly very difficult to prove. Often, it is justified by the absence of significant chemical shift differences between isotropic and anisotropic spectra, and by the lack of nonuniform broadening of peaks that may arise from specific interactions between the unfolded chain and the aligning medium. However, this reasoning is not convincing, since the very low relative population of the aligned state ͑10 −4 -10 −3 ͒ together with fast chemical exchange between bound and free states will lead to negligible chemical shift and line broadening effects.
A far better way would be to show that RDCs obtained in different alignment media imply identical conformational preferences. This entails considerable difficulties, since, besides polyacrylamide gels, many other media cannot be used under harsh unfolding conditions and are also prone to stronger interactions with unfolded polypeptides. Thus, steric alignment media such as bicelles or liquid crystalline ethylene glycol/alcohol phases 38 show pronounced hydrophobic interactions that often render the peptide resonances broad or unobservable. 48 Conversely, it seems very plausible that electrostatically aligning media such as filamentous phages cause perturbations of the polypeptide conformations due to their strong electric forces. For these reasons, no systematic comparisons have been performed and only sparse data are available, which rather argue for minor perturbations by the alignment medium. For example, very similar RDC patterns were observed for intrinsically unfolded ␣-synuclein aligned either by phages or C8E5 ethylene glycol/octanol phases. 49 Similarly, a study on small peptides 50 showed a break in the uniform RDC profile around a tryptophan residue for alignment both by stretched polyacrylamide gels and by phages. Furthermore, the RDC profile of phage-aligned ␣-synuclein could be predicted with reasonable accuracy from a statistical coil model ͑see below͒ that ignores perturbation of the polypeptide conformation by electric field effects. 51 As an alternative to comparisons of RDC data from different alignment media, the RDC-derived conformational preferences have been validated in many studies by other NMR parameters obtained under isotropic conditions, e.g., chemical shifts, scalar couplings, and relaxation data. Indeed, sequence profiles of such parameters similar to the RDC patterns have been found for apomyoglobin, 52 acyl-CoA binding protein ͑ACBP͒, 53 T4 fibritin foldon, 54 model peptides, 50 urea-denatured ubiquitin, 55 and Tau.
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Interpretation of RDCs in the unfolded state by random flight polymer models
As already noticeable in the data of Shortle and Ackerman, 18 1 D NH RDCs of unfolded proteins aligned in longitudinally stretched gels tend to have a unique negative sign throughout the chain. Moreover, despite significant differences between single residues, the RDC profiles seem to follow a broad bell-shaped distribution, with larger couplings at the midpoint of the chain, falling off to negligible values at the chain termini. This behavior has been explained by a simple random flight model of a linear homopolymer put forward by Annila and co-workers. 57, 58 In this model, the restrictions of bond movements due to the covalent polymer geometry lead to nonvanishing RDCs even when the torsion angles along the polymer chain adopt random conformations. Figure 2 depicts this situation for an extended random peptide chain that is aligned parallel to the magnetic field in an elongated cavity. For the N-H vector shown in the figure, the average ͑1 / t max ͒͐ t=0 t max P 2 ͑cos ͑t͒͒dt will be negative, and hence, 1 D HN should be negative due to the differing signs of ␥ H and ␥ N in Eqs. ͑1a͒ and ͑1b͒.
In the initial study, 57 the unfolded protein was described as a series of connected segments of given length, which undergo a restricted random walk that is numerically integrated over all available orientations of each segment. In the presence of an obstacle, orientational sampling is more restricted in the center of the chain than at the termini. This leads to stronger RDCs in the center and a bell-shaped dis-
͑Color͒ Residual order of a bond vector ͑NH͒ in an elongated unfolded protein oriented by steric alignment in an elongated cavity that is parallel to the magnetic field. The depicted situation corresponds to radially squeezed gels. Extended conformations ͑right top͒ will contribute negative 1 D NH RDCs to the ensemble average, as the NH vectors are predominantly orthogonal to the magnetic field and the integral over P 2 ͑cos ͒ is negative ͓Eq. ͑3͔͒. In contrast, NH vectors are parallel to the helix axis in helical conformations. For longitudinal alignment of the helices, the NH vector mostly samples directions parallel to the magnetic field, causing an inversion of the sign of RDCs from the dependence on P 2 ͑cos ͒. The predominance of extended conformations in highly unfolded proteins leads to mostly negative 1 D NH RDCs in radially squeezed gels.
tribution of the size of RDCs along the chain. The model also predicts that longer random chains should give smaller RDCs since the overall average shape will be more spherical than for shorter chains. Recently, Obolensky et al. have presented an improvement of this approach, 59 which remedies some theoretical shortcomings of the initial model and gives an extension to a true three-dimensional random walk model that can be solved in closed analytical form at any position in the chain. While the predicted absolute size of RDCs differs significantly from the initial model, general features are confirmed, i.e., RDCs along the chain should follow a flat-bellshaped distribution and RDCs should be larger for shorter chains ͑Fig. 3͒.
Although the description of a natural amino acid sequence as a homopolymer is clearly unrealistic, these models capture many aspects of the physical situation of an aligned unfolded polypeptide and provide a simple conceptual framework for the qualitative understanding of the experimental observations. Again, deviations of RDC profiles from the model predictions can then be interpreted as variations of order.
EXPERIMENTAL RDC PROFILES OF UNFOLDED POLYPEPTIDES
A recent, comprehensive list of unfolded polypeptides for which RDC sequence profiles have been measured has been provided in Ref. 59 . In the following, we discuss general features of several examples.
As already mentioned, the all-negative H N RDC profile of ⌬131⌬ staphylococcal nuclease in 8M urea 18 resembled the profile for this destabilized protein in standard buffer conditions, indicating also some resemblance of the tertiary topology to the native protein. However, with the exception of eglin, 60 no such correlations between native and denatured states have been found in other proteins. Examples include protein GB1, 61 apomyoglobin, 52 full-length staphylococcal nuclease, and a further staphylococcal nuclease truncation mutant. 62 In the latter study, RDCs of the full-length protein and the truncation mutant were uncorrelated in the folded state, which can be explained by the different alignment properties of the two proteins. However, the all-negative RDCs in the denatured states of both proteins showed correlation ͑R = 0.86͒, apparently due to similar local chain properties and the lack of a larger stabilized structure.
Residual secondary structure propensities have been derived from variations within the RDC sequence profile of various denatured proteins. Based on a change in magnitude or even sign of 1 D HN , residual helical propensities were identified in acid-denatured states of apomyoglobin 52 and the acyl-CoA binding protein ͑ACBP͒ 53 for regions which form helices in the native state. Such a change in sign is expected for ␣-helical segments which orient parallel to the helix axis, since the NH vector is parallel to this orientation axis and not perpendicular as in extended conformations ͑see also Fig.  2͒ . 52 In contrast to the acid-denatured state, no such helical propensities were detected in urea-or guanidinium-HCldenatured forms of both proteins. Similarly, the particular stability of a short turn sequence ͑KDGE͒ in a ␤-hairpin structure of the fibritin foldon domain was detected from variations in the RDC profile above the melting transition. 54 The latter supports a role of turn sequences in the nucleation of ␤-sheet folding. The RDC-derived secondary structure propensities in the aforementioned studies also correlated to chemical shifts [52] [53] [54] and to backbone dynamics derived from relaxation experiments. 52 Conformational studies on natively unfolded proteins have attracted particularly strong interest due to the surprising prevalence of natively unfolded proteins in eukaryotic genomes and due to the high biomedical relevance of these proteins. RDCs have been used to detect local structure in the Tau protein involved in Alzheimer's disease, where four short repeats show a sign inversion of 1 D NH values that are rationalized as local turn conformations. 63, 64 These turns prove surprisingly resistant to the addition of high concentrations of urea. Functional importance of the turns is suggested as they interrupt regions with high ␤-sheet propensity and as they contribute to the binding of polyanions that enhance the aggregation of Tau. 63, 64 Variations in the RDC profile ͑Fig. 4͒ have also been detected for the protein ␣-synuclein 49 involved in Parkinson's disease, which are apparently caused by hydrophobic or electrostatic long-range interactions ͑see below͒.
RDCs can serve not only to study residual structure in the unfolded state, but also to follow conformational changes during, or prior to, unfolding. For the ␣-helical ribonuclease S-peptide, a gradual decrease of the size of RDCs, indicative of helix destabilization, was observed with increasing temperatures or decreasing salt concentration. 65 Thermal unfolding was also studied for the fibritin foldon domain by measuring 1 D NH and 1 D C␣H␣ RDCs. 54 Above the melting transition, both types of RDCs converged to small, but nonzero values that showed residual structure in the ␤-turn and around prolines ͑Fig. 5͒. The sequence-specific RDC melting behavior also correlated with chemical shift changes. Similarly, Ding et al. have studied the thermal unfolding of protein GB1 and identified two melting hotspots on the basis of differential RDC temperature behavior. 61 A further free variable in the characterization of unfolded polypeptides by RDCs is the amino acid sequence itself. If the sequence dictates local conformational preferences, then substitutions of specific amino acids should have 48 were mainly interpreted in terms of relative chain stiffness, but not detailed enough to derive amino-acid-specific effects. More recently, Dames et al. 50 systematically studied the influence of amino acid substitutions X on model peptides EGAAXAASS as monitored by 1 D NH and 1 D C␣H␣ RDCs in strained polyacrylamide gels. The RDCs showed a specific dependence on the substitution X that correlates to steric or hydrophobic interactions with adjacent amino acids. In particular, the RDCs for glycine and proline substitutions indicated less or more order, respectively, than other amino acids. Furthermore, RDCs for aromatic substitutions by tryptophan and tyrosine gave evidence of a kink in the peptide backbone, whereas the substitution with the ␤-turn sequence KNGE differed significantly from single amino acid substitutions. Terminal and next neighbor effects on the RDC profile could also be demonstrated.
STATISTICAL COIL MODELS OF THE UNFOLDED STATE
In the light of the variations of observed RDCs along an unfolded peptide chain from the bell-shape prediction of the simple homopolymer random flight models, it was clearly important to enhance these models by amino-acid-specific conformational behavior. In a first attempt, higher or lower flexibility of single glycine and proline residues, respectively, were incorporated into simulations of random homopolymers, 58 showing that RDC profiles changed to lower or higher order parameters in the corresponding regions. Similar profiles could also be obtained from all-atom molecular dynamics simulations of these polymers, where the RDCs of single snapshots were calculated by prediction of the steric alignment tensors using PALES. 66 However, these simple enhancements did not provide the power to predict RDCs for arbitrary "random-coil" amino acid sequences. Two very similar approaches were, therefore, developed almost simultaneously that explicitly account for the heteropolymeric nature of the peptide chain, using random sampling of distinct amino-acid-specific / propensities to construct a large number of conformers of the protein of interest. 21, 22 In both approaches, amino-acid-specific conformational energy basins were derived from a structural database of nonsecondary structural elements in folded proteins, 15 ,25 an approach discussed above for the prediction of NMR scalar couplings and chemical shifts in unfolded chains. 11, 15, 16, 23 In the case of Jha et al., 21 the authors tested a number of conformational database sampling approaches by comparing the relevance of eliminating ␣-helical, ␤-sheet, and turn conformations from the complete database and found that removal of all three structural elements turned out to be the most appropriate. The authors explicitly incorporated nearest neighbor effects into the peptide chain construction algorithm by introducing an additional statistical potential that accounted for nonbonding interactions with the adjacent amino acids. This resulted in a better reproduction of experimental data as compared to neglecting such next neighbor effects. Clearly, this finding that neighboring amino acids influence the conformational sampling properties of a given amino acid is highly relevant to the understanding of nucleation in protein folding.
In the case of Bernado et al., 22 the selected database was derived from a recent compilation of 500 high resolution crystal structures. 67 ␣-helical and ␤-sheet conformations were again removed from the sampled structures, although turn conformations were retained. Additional pseudoamino acids were defined to account for specific backbone dihedral angle sampling occurring, for example, for residues preceding prolines. Steric interactions between residue-specific spheres centered on the ␤-carbon atoms of each amino acid ͑␣-proton in the case of glycines͒ were used to roughly account for van der Waals type interactions and to avoid overlap in the chain. The problem of steric clashes was dealt with by stopping the chain propagation whenever contacts occur, removing the previous two amino acids, and rebuilding the chain with other randomly selected backbone dihedral angles until no contacts are encountered.
In both approaches, conformers are constructed by randomly sampling these amino-acid-specific conformational basins. Dipolar couplings are then predicted from the ensemble of structures either by averaging the orientation of the vector with respect to the inertia tensor axis 21 or by averaging RDCs ͓Eq. ͑5͔͒ predicted for each copy of the ensemble 22 using a shape-based alignment algorithm.
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The latter approach, termed flexible-Meccano or FM, was applied in the first instance to a two-domain viral protein, protein X, comprising an apparently entirely unfolded and a folded domain. 22 The advantages of this system are quite clear, as the relative level of alignment of the two interdependent domains provides a quantitative test of the validity of the approach.
1 D NH and 2 D C Ј NH RDCs were accurately reproduced throughout the protein. It is worth noting that in this and all other systems so far analyzed using the FM approach, the convergence of average RDCs requires the production of on the order of 50 000 structures for a molecule of around 100 amino acids. Good agreement between experimental and FMpredicted RDCs was also found for 1 D NH measured in a number of urea-unfolded proteins; 22 in particular, the distribution of RDCs from ⌬131⌬ mutant of staphylococcal nuclease was accurately reproduced simply on the basis of local conformational propensities, notably in the absence of the previously invoked residual tertiary fold ͑Fig. 6͒. Intriguingly, despite similar reproduction of experimental RDCs from urea-unfolded apomyoglobin by the approaches from Bernado et al. and Jha et al., the latter did not reproduce the ⌬131⌬ mutant of staphylococcal nuclease as convincingly.
The consistent reproduction of experimental profiles establishes the statistical coil sampling approach as a method for predicting baseline values that result directly from the conformational properties of the primary sequence and can be considered as random coil. As with the other models described, departure from such baseline values can then be interpreted in terms of specific local or long-range conformational behavior.
In one such study, the local inversion of 1 D NH RDCs in four repeated domains ͑R1-R4͒ of a 130 amino acid construct of the natively unfolded protein Tau could not be reproduced by the simple coil FM approach. 64 Unrestrained extended molecular dynamics simulations were, therefore, performed, which revealed strong tendencies to form turns, identified as ␤I-turns for repeats R1-R3. Incorporation of the backbone dihedral sampling resulting from the molecular dynamics simulations into the statistical coil model closely reproduced experimental RDC values, which suggested that the local ␤I-turn conformations and their associated populations were probably accurate.
It is apparent that the effective order of the polypeptide chain that is induced by sampling the amino-acid-specific backbone conformational wells is dictated by the torsion angle distributions present in the database. For example, glycine, sampling widely distributed parts of the / space, will induce less order and, therefore, lower RDCs, than preproline/proline pairs, whose conformational sampling are much more restricted. Cho et al. 69 have noted recently that averaging the amino acid sidechain bulkiness over a five amino acid window reproduces 1 D NH RDCs along the chain with similar accuracy as the coil model. Apparently, this procedure translates the bulkiness, which is a measure for near neighbor interactions, to the order along the backbone, which is probed by the RDCs. Similar ideas have previously been exploited for the interpretation of transverse relaxation rates measured in denatured proteins. 13 The fact that an average bulkiness extending further than over just the adjacent neighbors better reproduces the RDC data supports the idea that steric effects beyond nearest neighors restrict the conformational search in the unfolded state. Indeed, a recent study on three-bond scalar couplings measured in short peptides of differing lengths 70 indicated that backbone dihedral angle distributions depend strongly on the overall length of the peptide. This underlines not only the caution that must be exercised when translating information derived from peptides into more general rules applicable to unfolded proteins, but also highlights the influence that relatively distant neighbors in the primary chain may have on local conformational properties.
Refinement of the coil model using a larger number of experimental parameters
We have seen that the steric alignment of unfolded proteins and the detection of mostly 1 D NH RDCs provide important information on their conformational behavior that can be reproduced to reasonable accuracy by using the simple coil models of the unfolded state derived from the conformational preferences in folded proteins. However, it is clear that the agreement is not perfect and that also other models may be possible. To achieve a more precise description, refinement of these models will be necessary, which requires the test against a larger number of experimental parameters. Alignment by electrostatic media can yield additional linearly independent RDCs that can help in the triangulation of the internuclear vector. 71 It has recently been demonstrated that alignment of natively unfolded proteins in electrostatically aligning media can also be successfully predicted. 51 This study took conformers calculated using FM, and predicted RDCs aligned in bacteriophage using a simplified alignment model that approximates the electrostatic interaction between an unfolded protein and an ordered liquidcrystal particle as that between the protein sidechain charges and the electric field of the phage, and again averaged the resulting RDCs over all protein conformers. The potential for extracting meaningful information from additional, differently aligning media has also been recently demonstrated by Gebel et al. 72 An additional approach to a better definition of local conformational sampling in unfolded proteins is to measure more RDCs from the peptide chain. Although the study of protein X described above reproduced both 1 D NH and 2 D C Ј NH RDCs, relatively few studies have extended the investigation of RDCs beyond the analysis of 1 D NH couplings. In the conformational study of the model peptides EGAAX-AASS described above, 50 1 D NH couplings were reasonably reproduced using the statistical coil model, but the distribution of 1 D C␣H␣ couplings deviated more strongly. In a recent study, we sought to extend our understanding of the structural behavior of unfolded proteins further by measuring a more extensive set of RDCs in urea-denatured ubiquitin. Up to seven couplings per peptide unit were measured, including 1 pling of extended conformations in the presence of urea. This hypothesis was tested by performing statistical coil calculations using modified amino-acid-specific potentials to sample more extended conformations. This bias then simultaneously reproduced all measured one-bond RDCs with a single scaling factor ͑Figs. 7 and 8͒. A further scaling factor of 0.75 had to be applied to predicted sequential, interproton RDCs to also reproduce these experimental data. The latter may be caused by interpeptide dynamic averaging effects that are not ͑yet͒ fully described by the biased conformational ensemble. A simultaneous analysis of 3 J HNH␣ scalar couplings measured under the same conditions suggested that neither polyproline II nor extended ␤-regions dominate the additional sampling of extended conformations.
The increased sampling of extended conformations was also applied to the previously mentioned two-domain protein X containing a long, natively unfolded chain in the absence of urea. The couplings simulated under these conditions extensively violate experimental 1 D HN and 2 D C Ј NH RDCs, whereas standard database propensities reproduce the experimental data very closely. Thus, the necessity to use more extended conformations only for a urea-denatured protein seems to indicate that the binding of urea to the polypeptide extends an unfolded amino acid chain. In summary, this study showed that the information from different RDCs in the peptide unit is highly complementary and that it may be used as a stringent test for the accuracy of current models of the unfolded state.
DETECTION OF LONG RANGE ORDER IN UNFOLDED STATES
In the previous sections, we have discussed experimental data and models that describe local conformational preferences in the unfolded state. However, it is clear that the unfolded state ensemble also comprises less or more stable long-range contacts that may or may not be similar to the native state. These long-range contacts may be induced by long-range hydrophobic or electrostatic interactions and, hence, not be predictable from strictly local propensities of amino acid conformations. How short-range and long-range order play together to form stable native states is a question under intense debate. For example, the hierarchical complementarity principle 73 proposes that short-range interactions favorable for the native state also promote such favorable longer-range interactions at successive levels of the structural hierarchy of a protein.
A number of NMR techniques can be used to detect transient long-range contacts in unfolded proteins. For a comprehensive recent review of the respective advantages and disadvantages of these methods, see Ref. 74 . Transient hydrophobic sidechain contacts in similar arrangement as in the native state were detected by NOEs already in the study of the urea-denatured 434 repressor. 4 Similarly, relaxation data both on backbone and sidechain nuclei in numerous unfolded or truncated proteins 12, 13, 75, 76 have indicated restricted mobility due to long-range hydrophobic contacts. These relaxation studies often have been combined with mutational studies to validate the importance of particular sidechain interactions.
Paramagnetic relaxation enhancements
A particularly promising method for the sensitive detection of both native and non-native long-range interactions in unfolded proteins is PRE, the accelerated relaxation of NMR coherences by a paramagnetic spin label, which is usually attached covalently to the protein. Like NOEs, PREs have an r −6 distance dependence. However, due to the large gyromagnetic ratio of the electron, the effect is detectable over lengths larger than 20 Å, thus providing atomic distance information on a length scale that is highly relevant to distance distributions in unfolded protein domains and comparable to the radius of gyration in small protein domains. 80 These PREs in unfolded proteins require an ensemble interpretation, as smaller distances in the ensemble will dominate the signal as a result of the r −6 dependence. Thus, imposing all distance restraints on a single conformer artificially favors compact structures. 81 Ensemble averaging of several structures refined simultaneously by PRErestrained Monte Carlo or molecular dynamics sampling has been applied by Vendruscolo and co-workers to detect both native and non-native contacts in unfolded ensembles of ACBP, 77 ⌬131⌬, 81 and ␣-synuclein. 79 Likewise, native and non-native interactions in the drk SH3 domain have been detected by Marsh et al. 80 by selecting an ensemble of conformations fitting the PRE data from a set of pregenerated conformers. A similar approach has been applied to the analysis of small-angle x-ray scattering ͑SAXS͒ data by selecting fitting subsets from a large number of conformations via a genetic algorithm.
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RDCs and long-range order
RDCs in unfolded proteins have also proven to be very effective reporters of long-range contacts. Even short-range dipolar couplings are affected by such interactions, because chain topology and alignment properties of the unfolded state ensemble change due to the presence of long-range interactions. Thus, studies on acid-denatured ACBP have shown that a mutation I27A alters the RDC profile even in distant parts, presumably due to a reduction of long-range interactions. 53 Strong variations in the RDC profile of ␣-synuclein 49 as a result of hydrophobic long-range interactions have been mentioned above. These interactions could also be corroborated by PREs and by the FM approach, 83 which showed that the experimental RDC profile could only be well reproduced when the structural ensemble was restricted to such conformers that had contacts between the Nand C-terminal regions ͑Fig. 4͒. The strong variations of the RDC profile of ␣-synuclein disappear upon addition of denaturant, apparently due to a screening of the long-range interactions. Loss of the interactions also occurs at elevated temperatures or upon polyamine binding, which both favor aggregation of ␣-synuclein in vitro. In addition, the mutations A30P and A53T, which are associated with increased neurotoxicity in familial forms of Parkinson's disease, have a similar effect. 84 This has suggested a protective role of the long-range interactions in ␣-synuclein against misfolding and aggregation.
A more direct approach to obtain long-range order from RDCs is the detection of long-range 1 H N -1 H N RDCs on the background of a deuterated protein. The deuteration reduces losses by dipolar truncation and makes it possible to detect distances of up to 8 Å in folded proteins. 85 , 86 The approach has been tested on denatured ubiquitin ͑8M urea at pH 2.5͒. 55 Besides a very large number of sequential i , i + 1 and i , i + 2 RDCs, also long-range RDCs could be detected that show a non-negligible population of native local structure in the N-terminal ␤-hairpin. This observation was substantiated by secondary chemical shifts, three-bond scalar couplings, and trans-hydrogen bond scalar couplings that establish the presence of closed hydrogen bonds across the ␤-hairpin ͑Fig. 9͒.
Combination of RDCs with complementary biophysical approaches
Mapping the vast conformational space available to unfolded peptide chains clearly presents significant experimental and analytical challenges. For this reason, it is essential to combine data from as many complementary biophysical approaches as possible in the quest to understand the nature of the unfolded state. One particular powerful experimental technique for characterizing the average overall dimensions of unfolded chains uses small-angle x-ray or neutron scattering. 87 Unfolded proteins have, thus, been shown to follow predictions from polymer theory for a random-coil chain, such that the radius of gyration R g = R o N 0.588 , where N is the number of residues and R o = 2.0 Å is a constant that depends on the chain persistence length. 88 Over the past two decades, apparent contradictions between the random-coil nature of unfolded chains as detected from scattering experiments and evidence of local structure from spectroscopic techniques ͑in particular, from NMR͒ have resulted in the so-called reconciliation problem. 89 It can simply be expressed as follows: If the polypeptide chain was, indeed, obeying conformational rules relevant to a random-coil chain, as small-angle scattering data appeared to demonstrate, how could this be reconciled with the detection of significant residual structure? While this is still an open question, the resolution of the apparent contradiction may simply lie in the specific sensitivities of the different techniques to long-range dimensions and local structure, respectively, and in the way the respective data are interpreted. A number of recent studies ͑e.g., Ref. 90 or 91͒ have, thus, presented atomic resolution models of denatured chains containing different degrees of local structure that do agree with the expected R g power law described above. In this context, it is interesting to note that both the studies from Jha et al. 21 and Bernado et al. 22 demonstrated that reasonable reproduction of SAXS data can be derived from the same models that also reproduce experimental RDCs. Apparently, the local structure present in these ensembles does not contradict the level of extendedness detected using small-angle scattering.
PERSPECTIVES
Since the early 1990s, concepts inspired by physics have shifted views of the protein folding problem from the biochemical characterization of individual proteins towards the statistical mechanics aspects and the universal properties of polypeptide chains. 92 The application of these theories has, however, been impeded by the lack of detailed data on the unfolded state. This situation is about to change. NMRderived parameters on structure and dynamics at atomic resolution can now be tested against plausible models of unfolded proteins. Especially, RDCs and PREs obtained in solution have proven extremely useful for the description of local and long-range structures at high precision, and hold further promise for the detection of universal and proteinspecific properties of the unfolded state.
Currently, the most successful model of the unfolded state is the coil model, which describes unfolded proteins by the conformations of nonsecondary structure regions in folded proteins. Using explicit all-atom model building, the coil library has been combined with restrictions from steric exclusion to reproduce RDCs and three-bond J-couplings reporting on local conformations and on overall chain properties. It is clear that unfolded backbone conformations are not uniform. They show sequence-specific biases, which are caused by the properties of individual amino acids via sidechain-sidechain and sidechain-backbone interactions. These conformational preferences can rationalize the finite experimental time scales of protein folding, as biased searches are much more efficient than full random searches. Despite the apparent success of statistical coil models for the prediction of local structure in unfolded chains, a number of points remain open.
At the moment, it is unclear how unique the description via the coil model is. Certainly, the problem of finding the best conformational distribution is ill-posed due to the limited number of experimental parameters; other models besides the coil model are possible. To rank such models and to judge their compatibility with the experimental data, it will be necessary to develop robust mathematical criteria. It also remains to be explored whether a purely analytical description of conformational preferences can be derived from the experimental data that would offer further conceptual insights.
The current coil models also cannot predict long-range interactions in unfolded states. Such interactions comprising nativelike structures such as ␤-hairpins or ␣-helices have been detected at significant population in many experimental studies even under highly denaturing conditions. The amount of such long-range, nativelike interactions successively increases under less severe denaturing conditions. 2 An obvious next goal would be the successful prediction of such contacts. A possible first step in this direction could be the prediction of local secondary or supersecondary structure elements in conjunction with the already successful description of local conformations by the coil models.
Besides the definition of the conformational ensemble of a protein in the unfolded state, it is equally important to describe the transitions between the different conformations within this ensemble. Currently, predictions of these transitions and their time scales are only possible from extended molecular dynamics simulations. 93 The ability to define a statistical ensemble from RDCs, chemical shifts or scalar couplings, that average up to tens or hundreds of milliseconds, may provide further guidance to these molecular dynamics simulations and for the development of models that describe folding kinetics.
NMR also provides direct experimental data on the kinetics of folding via relaxation data that monitor local correlation times on the nanosecond time scale of Larmor frequencies and conformational exchange on the millisecond time scale of chemical shifts. Broadening of resonances by the latter phenomenon makes it possible to detect the presence of a few percent of non-native state under native, physiological conditions. Thus, relaxation dispersion experiments have proven sensitive enough to obtain populations, transition rates, and structural information on a lowly populated folding intermediate of the FYN SH3 domain in the absence of a denaturant. 94 Alternatively, optical spectroscopy can be used to obtain distance information between specific sites of lowly populated states under native conditions or in rapid mixing experiments. The high temporal resolution and sensitivity of optical spectroscopy provide an ideal complement to NMR for the detection of conformational fluctuations and intrachain contact formation rates on the femtosecond to millisecond time scale. [95] [96] [97] [98] Clearly, NMR experimental method development for the characterization of the unfolded state has not reached an end point. In particular, it seems possible to derive many more experimental parameters per amino acid by the characterization of sidechains and the use of additional alignment media for RDC experiments. This may provide crucial input for the refinement of current models. For RDCs, it will also be necessary to better characterize and understand the interactions with the alignment media and the exact nature of the averaging process. A further experimental route that is only starting to emerge is the characterization of unfolded proteins in the solid state. NMR experiments on glassy frozen solutions have recently been used by Havlin and Tycko 99 to characterize the conformations of the chemically denatured villin headpiece subdomain. Site-specific conformational distributions could be obtained by line shape analysis of 13 C ␣ and 13 C ␤ resonances at different denaturant concentrations to monitor the unfolding pathway of the protein.
In all described experimental methods, a variation of amino acid sequences may provide a handle to a systematic characterization of chain properties. In particular, this approach could be used to experimentally characterize smaller parts of an entire protein sequence in order to detect conformational preferences for secondary or supersecondary structure. It could then be explored whether the entire structure can be constructed from the combination of the conformational distributions of these local elements. This would effectively break the problem of building a folded structure of an entire protein apart into the more tractable problem of characterizing the conformational preferences of its constituents. Similar approaches of fragment assembly are used by the currently most successful methods for predicting protein structure from sequence alone. [100] [101] [102] 
